Prior research suggests that chemical processes taking place on the surface of particle filters employed in buildings may lead to the formation of harmful secondary byproducts. We investigated ozone reactions with fiberglass, polyester, cotton/polyester and polyolefin filter media, as well as hydrolysis of filter media additives. Studies were carried out on unused media, and on filters that were installed for 3 months in buildings at two different locations in the San Francisco Bay Area. Specimens from each filter media were exposed to ~150 ppbv ozone in a flow tube under a constant flow of dry or humidified air (50% RH). Ozone breakthrough was recorded for each sample over periods of ~1000 min; the ozone uptake rate was calculated for an initial transient period and for steady-state conditions. While ozone uptake was observed in all cases, we did not observe significant differences in the uptake rate and capacity for the various types of filter media tested. Most experiments were performed at an airflow rate of 1.3 L/min (face velocity = 0.013 m/s), and a few tests were also run at higher rates (8 to 10 L/min).
additives, rather than ozonolysis, is the main formaldehyde source in those filters. Emission rates of formaldehyde and acetaldehyde were not found to be large enough to substantially increase indoor concentrations in typical building scenarios. Nevertheless, ozone reactions on HVAC filters cannot be ignored as a source of low levels of indoor irritants.
Introduction
Chemical reactions involving ozone of outdoor origin and indoor materials are known to be sources of formaldehyde and other irritant gas-phase oxidation products in the indoor environment. Heating, ventilation and air conditioning (HVAC) systems are commonly found in offices, health care facilities, schools, and other buildings in the U.S. Particulate matter and sorbed chemicals from outdoor and indoor origin are collected on the surface of particle filters installed in HVAC systems, and are susceptible to ozone oxidation reactions. These filters, which are typically fabricated from fine fiberglass or synthetic media fibers, provide one of the first major surfaces at which outdoor ozone can react during its transit into the indoor environment. Hence, reactions on filters may become a potentially significant source of secondary pollutants from ozone-initiated chemistry.
Used HVAC particle filters have been shown to be a sensory pollutant source, decreasing perceived indoor air quality (IAQ) and sometimes are associated with increased building-related health symptoms (BRS), also called sick building syndrome, or SBS symptoms (Hyttinen et al. 2006; Hyttinen et al. 2007; Beko et al. 2008) . Reactions of ozone with organic compounds present on the filter surfaces have been assumed to be an important factor contributing to the sensory pollution from particle filters. Previous studies have reported that particle filters could remove a fraction of ozone from the air stream (Zhao et al, 2007) and sensory ratings of the air exiting filters are diminished when the air entering the filter contains ozone (Clausen 2004) . As for reaction products, although production of formaldehyde and other carbonyl compounds has been reported to correlate to the ozone removal rate for dusty and sooty fiberglass filters (Hyttinen et al. 2006) , systematic studies on how the production of secondary pollutants is influenced by environmental conditions such as relative humidity, filter media types and particle loading are limited. Other sources of pollutants from HVAC filters may be degradation of binders and additives. Emissions of aldehydes from filters incubated under extreme high humidity conditions was also reported (Schleibinger and Rüden, 1999) . In this study, integrated and real-time measurements of secondary pollutants at trace levels are carried out to help elucidate the nature and dynamics of ozone-HVAC filter interactions and to identify sources associated with degradation of filter media.
Associations between outdoor ozone and both morbidity and mortality are likely linked to indoor exposures to ozone and ozone-initiated products (Weschler 2006) . Some epidemiological studies have also found a correlation between asthma and BRS and indoor pollutants, particularly formaldehyde (Norback et al. 1995; Wieslander et al. 1997; Delfino 2002; Mendell 2007) . Additional concern about chronic exposures to indoor formaldehyde arises from its listing as a probable (Group B1) human carcinogen by the U.S. Environmental Protection Agency (EPA) (USEPA 1999a) , and as a Group 1 human carcinogen by the by the World Health Organization International Agency for Research on Cancer (Cogliano et al. 2005 , WHO 2006 . Formaldehyde and acetaldehyde were the most abundant carbonyls (60 -70 % of the total) detected in indoor and personal samples in the Relationships of Indoor, Outdoor and Personal Air (RIOPA) study (Weisel et al. 2005; Liu et al. 2006) . Indoor formaldehyde levels often exceed the recommended exposure limit (REL) for an 8 to 10-hour average exposure and/or ceiling of 0.02 mg m -3
The goal of this study was to better understand chemical processes related to building air filtration and ozone in light of recent findings suggesting a strong association of synthetic filters with increased reporting of BRS at work particularly when outdoor ozone levels are elevated Buchanan et al. 2008) . The findings from those prior analyses suggest an easy and practical means of reducing BRS -avoiding synthetic filters; however, without mechanistic evidence it is premature to make such a recommendation. The results presented here further contribute to building a scientific foundation for guidance on building filtration methods.
(16 ppb) (NIOSH 1997) . Formaldehyde is emitted primarily by various indoor materials such as cabinetry and wooden building products (Hodgson et al. 2002) . It is also emitted by office equipment and is generated together with other volatile aldehydes in reactions of terpenoids with indoor ozone and OH radicals (Destaillats et al. 2006) .
The same reactions generate high levels of ultrafine aerosol particles (Coleman et al. 2008 ).
Experimental Methods

Selection, handling, deployment and storage of HVAC filters
A group of filters reflecting a subset of the filters reported in the EPA BASE study of 100 U.S. office buildings was used in this work. Filter media included fiberglass (FG), polyester (PE), cotton/polyester blends (CP) and polyolefin (PO); some of these materials were coated with various levels of tackifier by the manufacturers. Tackifiers, also referred to as impaction oils, are provided as adhesives to help retain particles that impinge upon the filter media. A description of filters used in this study is presented in Table 1 Used and unused filters were wrapped with aluminum foil and stored at room temperature under 40-60% RH before exposure to ozone and analysis. Aluminum foil used to wrap the samples was oil-free and inert towards ozone. Specimens for each experiment consisted of 47-mm diameter disks that were cut from representative sections of each filter (surface area = 1.7 x 10 -3 m 2 ). Given the different nature and thickness of each filter material, samples of the same horizontally-projected surface area had relatively different masses in the range 100 -550 mg (Table 2 -S, Supplementary Material). No significant mass change was recorded after exposure to ozone. All mass determinations were carried out at ambient laboratory relative humidity.
Experimental setup
Filter samples were placed inside an all-Teflon flow tube, connected to the ancillary system through Teflon-lined Tygon tubing, to minimize ozone loss in the system. Air containing a known level of ozone and humidity was split into two streams, one of which was directed to the flow tube containing the filter sample, while the other (bypass) was used as a reference. The ozone level was controlled with an ozone generator (UVP, Upland, California) upstream of the filter, and the humidity was adjusted by circulating part of the incoming airflow through a humidifier to obtain RH = 50% ± 10%. The ozone level was measured at 5-min intervals, alternatively downstream of the filter and at the bypass line, using a photometric monitor (API 400). A multiplexing valve was used to switch automatically from the filter to the reference. Gas 
Ozone breakthrough curves
Used and unused HVAC filters were exposed to air containing inlet ozone levels of ~150 ppbv (measured with a precision of ± 5 ppbv) for periods of 800 to 1200 min. High ozone concentrations were used to maximize the chances to detect reaction byproducts formed in relatively low levels. For each sample, two separate experiments were performed, using dry and humidified air respectively. The airflow through the filters was typically 1. 
Determination of integrated aldehyde emissions
We collected volatile carbonyls formed in the oxidation of filter media and particles deposited on the filters, downstream of the flow tube following a established procedure that has been described previously (USEPA 1999b 
PTR-MS measurements
A sub-set of filter media samples was further tested using Proton-Transfer ReactionMass Spectrometry (PTR-MS) (Lindinger et al. 1998; Wisthaler and Weschler 2010) . In the case of formaldehyde, due to the high sensitivity of the PTR-MS signal to relative humidity, two calibrations were performed using dry air and 50% RH. Humidity did not affect the other calibrations. 
Results and Discussion
Ozone uptake by HVAC filters
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Results from ozone breakthrough curves such as that shown in Figure 1 were fit to an exponential function: ).
This information was used to determine the mass of ozone consumed during a 24-h period of continuous exposure in each case, as illustrated in Figure 2 for fiberglass and polyester filters.
The choice of a 24-h exposure period allowed us to capture the full transient period in all cases and compare all filters under controlled conditions. A diurnal cycling with 12 -15 hours of ozone exposure may lead to higher ozone removal due to regeneration of filter capacity for ozone uptake (Zhao et al, 2007) . The mass of ozone uptake during the initial period was obtained directly from Tables 3S and 4S , and the uptake of ozone between t ss and t = 24 h was calculated using the rate of ozone uptake at steady-state. Highest ozone uptake was observed for fiberglass filters with a heavy tackifier coating, particularly for the used filters. Although those were also the heavier unused filter samples (Table 2-S), mass differences alone do not account for the much higher ozone uptake. The presence of a heavy coating of impaction oil, and accumulated particles in the cases for the used filters, are likely major factors leading to higher ozone uptake. The used polyester filter media, treated with a medium application of the same impaction oil, also exhibited also a high ozone uptake rate both under humidified and dry air conditions, with a significant contribution of the steady-state period, which indicates that the pollutants accumulated in this media may be a moderate but constant source of other indoor pollutants originated in ozone chemistry. Thus for both the fiberglass and polyester media, pollutants trapped in the filter media may be more important for ozone reactions than the filter media itself. In Figures 3-S and 4-S (Supplementary Material), similar results are plotted for cotton/polyester and for polyolefin media, respectively. For nearly all filter media, initial ozone reactivity was higher than under steady-state conditions, suggesting that the most reactive constituents present on the surface of the filter media were rapidly eliminated by reaction with ozone. Nevertheless, when a 24-h period is considered, ozone removal during the steady-state period is also significant in many cases, suggesting a steady-state condition in which the ozone removal rate is matched by the diffusion rate of reactive compounds to the exposed surface.
Used, particle-loaded, filters presented significantly higher ozone uptake than unused filters of the same type, particularly when exposed to humidified air. In filters used in the POAK building we observed significant ozone uptake for most filter media, likely due to the carbonaceous nature of the material collected on the filter surfaces (Hyttinen et al. 2006 ). 
Determination of integrated aldehyde emissions
Integrated formaldehyde and acetaldehyde levels determined downstream of three different filter media exposed to ozone in humidified air (inlet ozone levels = 140 to 165 ppbv, air RH ~ 50%) over periods of ~1000 min are shown in Figure 3 . We report data for unused filters, as well as for particle-laden filters used over 3 months at LBNL and POAK buildings. In all cases, formaldehyde levels were slightly higher in the absence of ozone, as compared with the same sample exposed to ozone. These results suggest the presence of a source that emits formaldehyde through hydrolysis, rather than ozone-driven chemistry. The presence of filter cake (in used filters) may serve as a medium to accumulate water, thus enhancing the hydrolysis process. Possible sources of formaldehyde in the presence of moisture are binders, impaction oils or other additives that may be present on the filter surface.
While our experiments did not allow for a closer examination of the effect of filter cake on the formaldehyde yields originating in hydrolysis of filter additives, future research should consider the role of acidity of various aerosols (such as acidic particles from urban pollution or alkaline tobacco smoke). The chemical composition of filter cake and aerosol mass loading of filters likely play an important role in the net emissions of formaldehyde due to hydrolysis reactions. In the case of polyester and cotton/polyester media, the effects of ozone and humidity on formaldehyde emissions are very different from those described for fiberglass media in Figure 4 .
Overall formaldehyde emissions were significantly lower, and we did not observe emission of formaldehyde in the absence of ozone in any case ( Figure 5 -S, Supplementary Material).
PTR-MS results
A subset of samples was analyzed by PTR-MS during the initial 1-h period of reaction with ozone and in the absence of ozone (control) under humidified air conditions. We estimated downstream pollutant concentrations by subtracting background levels measured immediately before exposing each filter sample to ozone. Table 1 reports 1-h average levels for a subset of the filters studied and for each analyte. Concentrations were determined using the corresponding calibration curves for formaldehyde and acetaldehyde, and that of toluene for all other compounds (assuming that the PTR-MS response is not significantly different). For formaldehyde and acetaldehyde, levels as high as 20 and 5 ppbv were recorded, respectively. These initial 1-h emission levels are higher than those recorded in Figure 3 for integrated emissions of these compounds over longer periods (~15 h). In the PTR-MS experiments we also observed high emissions of formaldehyde from the FG1 filter in the absence of ozone, consistent with results shown in Figure 4 , obtained with DNPH derivatization and HPLC analysis. For nearly all filters, m/z 61 and 101 were consistently detected, with levels recorded as high as 4 and 10 ppbv, respectively, suggesting the presence of other oxidation byproducts from ozone chemistry. Most acetone and 4-OPA levels were higher for used filters than for unused filters. Squalene, a skin oil constituent, is likely present in filter cake as a result of emissions from building occupants. However, non-zero levels observed in unused filters suggest that it may also originate (to a minor extent) in handling of the filters during manufacturing and packing operations, as well as during storage periods. While all experimental procedures were carried out using nitrile gloves to avoid contamination with operator's skin oils, it is impossible to completely eliminate background levels of squalene. In the case of m/z 57, low levels were detected downstream of FG1 filters for both used (POAK) and unused samples.
Given the high irritancy of acrolein and other α,β-unsaturated carbonyls, these data suggest that at least for certain filters, reactions between ozone and the media may lead to formation of pollutants possibly associated with BRS. , which is ~1 order of magnitude higher than that used in the experiments described above. We observed that the rate of ozone removal at a lower flow was significantly higher than at the higher flow, particularly in the case of humidified air. This indicates that the higher residence time corresponding to the low flow condition allowed for a more complete ozone reaction, and hence our ozone removal percentages determined at the low face velocity condition could be seen as an upper limit. The ozone removal curves for this filter at both face velocity conditions under dry and humidified air are shown in value as a function of the air volume circulated through the filter. We collected aldehyde integrated samples downstream of the filters under the high flow condition, both in humidified and dry air. The results are reported in Table 2 , and show that the emission rates (product of outlet concentration and flow rate) of both aldehydes were, in general, not significantly affected by the change in airflow, given the uncertainty in low aldehyde concentration measurements at high air flow rates. The data do suggest, however, an increase in acetaldehyde emission rate at high, relative to low, air flow rate with humidified air. The ratio of measured formaldehyde concentration under high and low airflow (1.96/15.3) was quite different from that of acetaldehyde (0.43/0.7). This is another indication that, in the FG1 filter, different emission mechanisms for formaldehyde and acetaldehyde are present, with rate controlling steps likely related to hydrolysis and ozone reaction, respectively.
Effect of the face velocity
Estimated impacts on indoor aldehyde concentrations
The expected increases in indoor aldehyde concentrations were estimated from the emission rates provided in Table 2 for the FG1 filter and from calculations of emission rates based on the data collected from tests of other used filters from the LBNL buildings at the low air flow rates with humidified air. Assuming that all outdoor air passing through the air filter is distributed through the HVAC system, the steady-state indoor concentration increase (ΔC) was calculated from the equation where E is the emission rate for a sample of filter media from Table 2 
Summary
The results of this study confirm the presence of reactions with ozone and hydrolysis of additives as outdoor air flows through particle filters, which become a source of byproducts. In comparison with other indoor pollutant sources, filters are likely a relatively small albeit measurable contribution. The amount of ozone reacted is much higher when the filters are loaded with particles and when the air is humidified. The amount of ozone reacted is not clearly related to the types of filter media, e.g., fiberglass versus synthetic. These results do not help to explain why polyester or synthetic filters in environments with elevated ozone were statistically associated with increases in sick building syndrome symptoms from earlier analyses of the EPA's BASE study data . The ozone reaction rates were often higher with filters coated with tackifier, suggesting ozone reaction with impaction oils, and accumulated particles for the cases with used filters (accumulation of particles may be enhanced by impaction oils).
While aldehydes are produced as humidified air containing ozone passes through filters, this study reports for the first time the formation of significant formaldehyde levels when humidified air passes through some of the filters (unused or particle-laden) in the absence of ozone, suggesting that hydrolysis of filter binder or tackifier additives may be a significant formaldehyde source. The estimated increases in indoor aldehyde concentrations are small relative to typical indoor aldehyde concentrations, except in a few cases in which formaldehyde emissions from filters were particularly higher and the results were extrapolated to other filter configurations. The results illustrate that very low levels of certain organic pollutants are being emitted upon contact with ozone in the presence of moisture, and detailed emission dynamics that can be captured in real-time with PTR-MS.
Two important caveats should be kept in mind before extrapolating these results to typical building conditions. First, flow conditions in these experiments were more than one order of magnitude lower than typical HVAC conditions, so results can be extrapolated to higher airflows only if reactions are not severely limited by mass transport. Secondly, HVAC systems typically operate under regimes in which new particles and volatile organic compounds (VOCs) are being simultaneously deposited on filters together with ozone, thus providing fresh supplies of reactive material with very large effective surface area. This study isolated one group of reactions of ozone with the filter media itself, additives (binders, tackifier), and with "recalcitrant" material deposited in used filter that have already been significantly depleted of its most reactive fraction by evaporation and oxidation under atmospheric conditions. Hence, while the low face velocities may lead to "worst-case" reactive conditions, the absence of reactive VOCs and particles in the air fed to the system may lead to lower emissions than those taking place under real-world conditions. Follow-on studies in our laboratory are currently incorporating the effect of added VOCs to assess their contribution to secondary pollutant formation in ozone reactions with HVAC filter media. (a) "high", "medium" and "light" application are nominal classifications which don't necessarily correlate linearly with the amount of oil present on the surface.
(b) per manufacturer literature, the bonding resin is to provide rigidity and resistance to media compression. 
